There are some long established biases in atmospheric models that originate from the 22 representation of tropical convection. Previously it has been difficult to separate cause and 23 effect because errors are often the result of a number of interacting biases. Recently we have 24 gained the ability to run multi-year global climate models simulations with grid-spacings 25 small enough to switch the convective parameterisation off, which permit the convection to 26 develop explicitly. There are clear improvements to the initiation of convective storms and 27 the diurnal cycle of rainfall in the convection-permitting simulations, which enables a new 28 process-study approach to model bias idenfication. In this study multi-year global 29 atmosphere-only climate simulations with and without convective parameterisation are 30 undertaken with the Met Office Unified Model and are analysed over the Maritime Continent 31 region, where convergence from sea breeze circulations is key for convection initiation. The 32 analysis shows that although the simulation with parameterised convection is able to 33 reproduce the key rain-forming sea breeze circulation, the parameterisation is not able to 34 respond realistically to the circulation. A feedback of errors also occurs; the convective 35 parameterisation causes rain to fall in the early morning, which cools and wets the boundary 36 layer, reducing the land-sea temperature contrast and weakening the sea breeze. This is, 37 however, an effect of the convective bias, rather than a cause of it. Improvements to how and 38 when convection schemes trigger convection will improve both the timing and location of 39 tropical rainfall and representation of sea breeze circulations. 40 41 42 43 3 65
Introduction

44
The representation of tropical convection is one of the major challenges in atmospheric 45 science (Stephens et al., 2010) and one of the key uncertainties in future climate simulations 46 (Rybka and Tost, 2014). One major aspect of this challenge is the representation of the 47 7 configuration in the Cascade project (Pearson et al., 2013) . As a result, SCUMULUS 143 performed as well as PARAM in the subtropics while, for the metrics analysed here, 144 EXPLICIT and SCUMULUS behave in a similar way. Including both simulations in this 145 study is worthwhile because the period analysed is more than a year into a set of climate 146 simulations and the similarities between EXPLICIT and SCUMULUS give confidence that 147 the differences between the simulations with parameterised and non-parameterised deep 148 convection are not simply due to interannual variability or remote influences. 149 The model was initialised in March 2008 from a climatological state generated by a multi- 
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A grid-spacing of 17 km is a coarse resolution at which to run a climate model without a 155 convective parameterisation. To truly resolve convection, sub-km model grid-spacings are 156 necessary, but equally, as discussed above, convective parameterisation also produces 157 significant biases. The diurnal cycle is the first order mode of variability in the climate 158 system and has been investigated extensively in recent work from the Cascade project. For 159 metrics related to the diurnal cycle (e.g. precipitation, propagation of storms, convective 160 triggering) limited-area model simulations performed in a similar way when run without a 161 convective parameterisation at 12, 4 and 1.5km, and were closer to reality than runs with a 162 convective parameterisation at 12 and 40 km (Pearson et al., 2013; Marsham et al., 2013; 163 Birch et al., 2014a,b) . Convection-permitting versions of the MetUM are however known to 164 overestimate precipitation amounts (Kendon et al., 2012; Birch et al., 2014a) . Here we are 165 less interested in absolute amounts of rainfall but in how the biases in the diurnal cycle can 166 8 feedback on other aspects of the model, an aspect that is better represented in the convection-167 permitting configurations. 168 This study uses two precipitation products derived from satellite observations; TRMM-3B42 169 (Huffman et al., 2007) and CMORPH (Joyce et al., 2004) . These products are known to have 170 particular problems over steep topography, where biases have a strong dependence on 171 elevation (Romilly and Gebremichael, 2011) and magnitudes can exceed 50-100% of the 172 mean annual rainfall (Habib et al., 2012) . Although both the satellite products used in this 173 study have a 3 h time resolution, it should be noted that the satellite-derived precipitation 174 maximum corresponds with the maximum in deep convective precipitation, which may be 175 delayed by one or two hours relative to surface observations that include earlier rainfall from 176 shallower clouds (Dai et al., 2007) . Nonetheless, recent work by Ackerley et al. (2014a) made 177 use of both gauge and satellite data to assess the diurnal cycle of rainfall over north-west 178 Australia and found the 3-hourly satellite observations agreed well with the ground 179 observations. In this study the absolute amounts of rainfall are of secondary importance to the 180 timing of the diurnal cycle and the possible 1-2 hour error in the timing of the peak rainfall in 181 the satellite observations is smaller than the model error produced by convective 182 parameterisation (>5 hours). Standard Time (LST), orange and pink colours). In PARAM the peak over tropical land 191 occurs between 0900-1500 LST (green and yellow colours), emphasising the common bias in 192 models with parameterised convection, where the peak in precipitation occurs around 193 midday, more than 6 hours before the observed peak (Dai, 2006; Ackerley et al., 2014b) . 
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The mean diurnal cycles of TRMM and model precipitation for February are shown in Figure   229 4. The TRMM observations show a peak in precipitation over land between 1600 and 1900 230 LST and a peak over the coastal ocean in the early hours of the morning. Plots of CMORPH 231 show a very similar pattern (not shown). The precipitation in PARAM peaks too early in the 232 day both over land (1330 LST) and over the coastal oceans (0330 LST). EXPLICIT and 233 SCUMULUS produce a much more realistic diurnal cycle over both land and sea. All three 234 simulations do, however, overestimate the amount of rainfall, which is particulary true for 235 PARAM over the ocean and EXPLICIT over the land. The amount of rainfall over land is 236 smaller in SCUMULUS than EXPLICIT. Since only a negligible amount of rainfall is 237 produced by the parameterised shallow convection in SCUMULUS, the difference in rainfall 238 amounts in EXPLICIT and SCUMULUS is an indicator of interannual variability in the 239 climate system. Model data is only analysed for a single month (February 2010) and because 240 this period is three years into a climate simulation, it is not expected that EXPLICIT and 241 SCUMULUS should produce the same monthly total rainfall amount.
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Rainfall often develops over the peninsula in regions of convergence that forms when the 243 west coast sea breeze propagates inland, meeting the prevailing easterlies and/or the east 244 coast sea breeze ( Figure A2 shows an example). Figure 5 shows the number of occurances of 245 high convergence (>3 x 10 -5 s -1 ) at 1600 and 1900 LST and the mean rainfall at 2030 LST 246 for the months of November and February. In November, afternoon rainfall is less than 10 247 mm day -1 (apart from very small regions in EXPLICIT and SCUMULUS) and all three 248 simulations produce a similar pattern of high convergence, with a peak near the west coast in 249 the northern part of the peninsula and a peak inland of the east coast in the south. The high- winds, which causes east coast sea breezes to be deeper and weaker than sea breeze that form 256 on the west coast. By February, after monsoon onset and when rainfall rates have increased, 257 there are large differences between the simulations. In EXPLICIT and SCUMULUS strong 258 convergence occurs frequently over the peninsula and mean 2030 LST rainfall rates of up to 259 50 mm day -1 are associated with it. There are differences between EXPLICIT and 260 SCUMULUS in both the frequency of occurrence of convergence and rainfall (Figure 5e ,f).
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Rainfall is higher and extends further south in EXPLICIT, which somewhat reduces the 262 frequency of high convergence. This difference is almost certainly due to interannual 263 variability of the monsoon system, which has an impact on the analysis because the averages 264 are only over 30 days. In contrast, PARAM produces high convergence much less frequently 265 and there is less than 10 mm day -1 rainfall at 2030 LST. 266 As the convergence over the peninsula depends on the relative strength of the two sea 267 breezes, differences in the convergence between the runs should therefore be a result of 268 differences in the sea-breeze representation. Figure 6 shows a transect at 15°S of the mean Sea breezes develop in response to land-sea temperature contrasts; during the day land heats 279 up quicker than water, driving an onshore flow at low levels and a compensating return flow 280 aloft. As the mass divergence aloft exceeds the mass convergence at low levels, a pressure 281 minimum develops over land (Miller et al., 2003) . Figure 7 shows the mean diurnal cycle of February, when the monsoon is well established over the Cape York Peninsula, the peak daily 288 temperature in PARAM has decreased so much that the temperature gradient between land 289 13 and sea is negligable during the middle of the day. A reduced land-sea temperature contrast 290 can therefore explain the weaker sea breeze and low-level convergence in PARAM. The 291 daytime land-sea temperature contrast is higher in EXPLICIT and SCUMULUS, although 292 EXPLICIT is up to 2 K cooler than SCUMULUS and therefore the sea breeze and 293 convergence are weaker in EXPLICIT (compare Figures 5e and f) . The cooler near-surface 294 temperature difference in EXPLICIT can be explained by the higher rainfall rates and more 295 southerly extent of the afternoon/evening rainfall in February over the region (Figure 5) , 296 which act to cool the surface. As discussed above this is most likely due to interannual 297 variability of the monsoon system and results in the following section indicate that 298 EXPLICIT and SCUMULUS behave in a very similar way when averaged over a longer time 299 period and a larger region.
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The foregoing results suggest the following conclusion regarding the impact of convective 301 parameterisation on sea breeze dynamics. In February the convective parameterisation in 302 PARAM produces precipitation in the morning, rather than the late afternoon as observed and 303 simulated in EXPLICIT and SCUMULUS. The rain cools and wets the surface and the 304 boundary layer during the middle of the day, which reduces the land-sea temperature contrast 305 and thus the sea breeze strength at the time of day when sea breezes are at a maximum in 306 reality. The behaviour of the three simulations is, however, much more similar in November, 307 before the start of the wet season, which strongly suggests that the differences seen in 308 February are due to convective processes.
309
Convergence from sea breezes is thought to be one of the main rain-forming mechanisms in 310 the region and the similarity of the simulations in November suggests that simulations with 311 and without convective parameteristion with 17 km grid-spacing are both able to reproduce 312 this main convergence-forming process. In PARAM, however, convection is triggered in the 313 morning, before sea breeze circulations form. This is because the convective parameterisation 314 14 does not respond properly to realistic trigger mechanisms, even if they are present in the 315 model. Once the incorrect diurnal cycle is established in PARAM, a feedback with the 316 boundary layer acts to weaken the rain-forming mechanism but this occurs second, not first.
317
In EXPLICIT and SCUMULUS, convection must develop explicitly, requiring the of EXPLICIT and SCUMULUS is more similar here than in the Cape York case study 361 because the model data is a 3-month mean, rather than a single month, and the averaging area 362 is much larger. Over land the afternoon temperatures are more than 1 K cooler in PARAM 363 than in EXPLICIT or SCUMULUS (Figure 10a ). The weaker land-sea temperature contrast 364 16 in PARAM weakens the coastal wind speeds; from 1600 LST onwards PARAM has the 365 weakest wind speeds over both coastal land and sea (Figure 10b ). Over land both Q h and Q e 366 peak during the middle of the day (Figure 10c,d) , when solar heating is at its highest. Figure 10a .
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The other factor to consider is the effect of the diurnal cycle on radiation. It is possible that 375 since rainfall peaks too early in PARAM, cloud cover may also peak too early, reducing the convective parameterisation generally produce rainfall with a diurnal peak that is too early in 391 the day (e.g. Dai, 2006) . Switching off the convective parameterisation in high-resolution (17 392 km grid-spacing) global models causes a step change in the way convection is represented.
393
Globally, over both land and sea, the timing of the peak in the diurnal cycle is much 394 improved in the convection-permitting simulations, although the amount of precipitation is 395 biased high, particularly over high orography, which is a known issue in convection- 
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This feedback of errors further reduces the model's ability to respond realistically to the 407 afternoon convergence produced by the sea breeze. It is important to note that this feedback is 408 an effect of the diurnal cycle errors in the convective parameterisation, not a cause of them.
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The cooling associated with the incorrect diurnal cycle of rainfall is manifested in a change in where the deep convective parameterisation is switched off is similar, giving confidence that 416 the results presented are a result of the representation of convection, rather than simply 417 variability within the climate system.
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The global numerical weather (NWP) prediction version of the UM currently runs 419 operationally with a grid-spacing of 25 km, which is approaching the 17 km grid-spacing 420 used in this study. Since the climate and NWP versions of the UM use the same convective 421 parameterisation, it is likely that simulations at NWP timescales also suffer from a similar 422 bias in sea breeze strength, which has implications for forecasting quantities such as air 423 quality, wind, temperature and cloud in coastal regions.
424
Accurate future rainfall projections under climate change are imperative for future water 425 security but are a major source of model uncertainty (Flato et al., 2013) . Future rainfall will 426 be determined by changes to rainfall-generating processes and if they are not represented 427 accurately in present-day climate simulations there is little chance of achieving accurate 428 future predictions. Improving how and when the parameterisation triggers convection, and 429 perhaps making it more dependent on low-level convergence, will not only improve the 430 timing and location of rainfall but also the representation of the convective triggers 431 themselves. Moreover, this study also highlights the importance of evaluating climate models 432 at the processes level; a correct mean climate can be the result of multiple feedbacks with 433 compensating errors. Process studies can (1) diagnose specific aspects of the model that are 
